Purpose: Cross-sectional imaging may enable accurate localization and quantification of subcutaneous and visceral adipose tissue. The reproducibility of multi-detector computed tomography (MDCT)-based volumetric quantification of abdominal adipose tissue and the ability to depict age-and gender-related characteristics of adipose tissue deposition have not been reported. Methods: We evaluated a random subset of 100 Caucasian subjects (age range: 37-83 years; 49% women) of the Framingham Heart Study offspring cohort who underwent MDCT scanning. Two readers measured subcutaneous and visceral adipose tissue volumes (SAV and VAV; cm 3 ) and areas (SAA and VAA; cm 2 ) as well as abdominal sagital diameter (SD) and waist circumference (WC). Results: Inter-reader reproducibility was excellent (relative difference: À0.3470.52% for SAV and 0.5970.93% for VAV, intraclass correlation (ICC) ¼ 0.99 each). The mean SAA/VAA ratio was significantly different from the mean SAV/VAV ratio (2.071.2 vs 1.770.9; Po0.001). The ratio of SAV/VAV was only weakly inversely associated with SD (ICC ¼ À0.32, P ¼ 0.01) and not significantly associated with WC (ICC ¼ À0.14, P ¼ 0.14) or body mass index (ICC ¼ À0.17, P ¼ 0.09). The mean SAV/VAV ratio was significantly different between participants o60 vs 460 years (1.971.0 vs 1.570.7; Po0.001) and between men and women (1.270.5 vs 2.270.9; Po0.001). Conclusion: This study demonstrates that MDCT-based volumetric quantification of abdominal adipose tissue is highly reproducible. In addition, our results suggest that volumetric measurements can depict age-and gender-related differences of visceral and subcutaneous abdominal adipose tissue deposition. Further research is warranted to assess whether volumetric measurements may substantially improve the predictive value of obesity measures for insulin resistance, type 2 diabetes mellitus and other diseases.
Introduction
The prevalence of obesity is steadily increasing in the United States for decades. 1, 2 Obesity is associated with insulin resistance, type 2 diabetes mellitus (T2DM), cardiovascular disease, sleep-breathing abnormalities and some types of cancer, [2] [3] [4] [5] and epidemiological studies have established obesity as an independent risk factor for all-cause morbidity and mortality. [6] [7] [8] Previous research suggests that the accumulation of visceral abdominal adipose tissue poses a greater risk for developing obesity-related disorders than subcutaneous adipose tissue (SAT) accumulation. 3, 4, 7, 9 Visceral adipose tissue (VAT) functions as an endocrine organ with adipocytes secreting various bioactive proteins which are referred to as adipocytokines. 10 Levels of adipocytokines are increased in obesity-related diseases such as T2DM, metabolic syndrome and cardiovascular diseases. [10] [11] [12] [13] [14] [15] Thus, quantitative assessment of VAT may be an independent risk factor for obesity-related diseases. Several anthropometric measures of abdominal obesity such as body mass index (BMI), sagital abdominal diameter (SD) and waist circumference (WC) have been demonstrated to fairly predict overall mortality. [16] [17] [18] [19] [20] However, these methods do not permit accurate quantification of the abdominal adipose tissue depot and may be unrelated to the amount of VAT. 21 Thus, a method that permits highly reproducible quantitative assessment of both SAT and VAT compartments across the length of the abdomen may enable the assessment of the association between these measures and with the occurrence of metabolic syndrome and other obesity-associated diseases.
The goal of this study was to determine the intra-and interobserver reproducibility of multi-detector computed tomography (MDCT)-based volumetric quantification of subcutaneous and visceral abdominal adipose tissue. In addition, we assessed the differences between the relative amounts of visceral and subcutaneous abdominal tissue between volumetric and planimetric measurements and their relation to anthropometric measures of abdominal obesity such as BMI, SD and WC.
Methods
The study sample represents a random subset of 100 Caucasian subjects (age range: 37-83 years; 49% women) drawn from the Framingham Heart Study offspring cohort, who underwent MDCT scanning during the time period of 11 June 2002 to 31 March 2005 (n ¼ 1423) ( Table 1 ). The random sample was taken to ensure approximately equal number of men and women, and an approximately equal number of participants in each of the age groups of 35-44, 45-54, 55-64, 65-74 and 75-84 years, were represented (approximately 10 per age group per sex). Women with definite or possible pregnancy and subjects o35 years of age were excluded from the study. Subjects 4160 kg (352 lb) were also not included into the study.
The study was approved by the institutional review boards of the Boston University Medical Center and Massachusetts General Hospital. All subjects provided written consent.
MDCT scan protocol
All subjects underwent computed tomography (CT) scanning in a supine position using an eight-slice MDCT (LightSpeed Ultra, General Electric, Milwaukee, WI, USA).
Twenty-five contiguous 5 mm thick slices (120 kVp, 400 mA, gantry rotation time 500 ms, table feed 3:1) were acquired covering 125 mm above the level of S1. The raw data were reconstructed using a 55 cm field of view ( Figure 1 ). The effective radiation exposure was 2.7 mSv. 22 MDCT data analysis Two experienced observers (PMH and FM) performed an independent analysis of all data sets in random order to assess for inter-observer variability. One reader (PMH) ) and VAA (cm 2 ) as well the WC (cm) and SD (cm) were measured using a single slice (5 mm thickness) at the umbilical level. 23, 24 In CT, absolute hounsfield units (HU) values of pixels corresponding directly to the tissue property. Thus, we applied predefined image display setting to determine the VAA and SAA using a window width of À195 to À45 HU and a window center of À120 HU to identify pixels containing adipose tissue. 22, 25 In order to separate visceral from SAT, the abdominal muscular wall separating the two compartments was manually traced. The SAV and VAV were measured across the total imaging volume and were calculated in cm 3 . We applied a semiautomatic segmentation technique using the same image display settings as for the area measurements. The abdominal muscular wall separating the two adipose tissue compartments was manually traced in four sections of the imaging volume representing the quartiles of the scanning range (1st, 9th, 17th and 25th slice). The segmentation of the entire scanning volume was performed automatically interpolating the information of the manually defined traces. If necessary, manual adjustments were made throughout the scan volume. The average time for image analysis was 5 min per subject.
Measurements of SD and WC
The SD and the WC were measured at the level of the umbilicus. The SD (cm) was defined as the shortest distance between the mid-anterior wall of the abdomen and the midposterior wall. The WC (cm) was directly measured by tracing the circumference of the abdominal skin.
Statistical evaluation
Two experienced observers performed an analysis of all data sets in random order to assess for inter-observer variability (PMH and FM), blinded to the readings by the other observer.
One reader repeated the analysis 1 week later to assess for intra-observer variability (PMH). Inter-and intra-observer reproducibility was assessed using the intra-class correlation coefficient (ICC). 26 A value close to 1 indicates excellent agreement between the two readings. In addition, the significance of the mean difference between the two readings was assessed using the paired t-test. Similar analysis was used to compare single and volumetric measurements for the first reading of the primary reader. The age and sex effects on the difference between single and volumetric subjects were assessed individually using one-way analysis of variance. A P-value o0.05 was considered to indicate statistical significance.
Results
The ).
Intra-observer variability
The intra-observer reproducibility was excellent for VAV and SAV (ICC ¼ 0.99; Figure 1a ). The mean absolute and relative intra-observer differences were small and nonsignificant for both measurements (SAV: À0.676.1 cm The mean absolute difference was 0.170.6 cm (P ¼ 0.09) for WC measurements and À0.0170.2 cm (P ¼ 0.68) for SD measurements (Table 2 ). Both WC and SD measurements were highly correlated (ICC ¼ 0.99).
Inter-observer variability
The mean absolute inter-observer differences were extremely small and both measurements were highly correlated (SAV: À9.1712.0 cm (Figure 1b) ). The relative difference between observers was small and nonsignificant À0.3470.52% for SAV and 0.5970.93% for VAV (P ¼ NS). Table 2 ).
Ratio of SAV and VAV
The mean SAA/VAA ratio (2.071.2; range: 0.5-6.7) was significantly greater than the mean SAV/VAV ratio (1.770.9; range: 0.4-5.3; Po0.001) (Figure 2) . This difference was more evident in 22 subjects with a SAA/VAA ratio X2.5 (mean difference: À0.970.7; Po0.001). An example for the difference between planimetric-and volumetric-based assessment of adipose tissue distribution is given in Figure 3 .
Relation of volumetric-based adipose tissue measurements to WC, SD and BMI Both SAV and VAV were highly correlated to anthropometric measurements (for SAV: r ¼ 0.83, 0.73, 0.75 and for VAV: r ¼ 0.76, 0.85, 0.70; for WC, SD and BMI, respectively; all Po0.0001). In contrast, the ratio of SAV to VAV was only weakly inversely associated with SD (r ¼ À0.32, P ¼ 0.01) and not correlated with WC (r ¼ À0.14, P ¼ 0.14) or BMI (r ¼ À0.17, P ¼ 0.09). As expected, anthropometric measurements were strongly correlated with each other (BMI vs WC: r ¼ 0.87, Po0.0001; BMI vs SD: r ¼ 0.84, Po0.001; and SD vs WC: r ¼ 0.94, Po0.0001).
Abdominal adipose tissue distribution by age and sex
In order to determine whether volumetric measurements reflect differences in abdominal adipose tissue distribution related to age, we stratified our population to above (n ¼ 51) and below (n ¼ 49) the mean age (59.9712.9 years). The mean SAV/VAV ratio was significantly higher in subjects o60 years of age as compared to subjects 460 years (1.971.0 vs 1.570.7; Po0.001). In addition, we examined for possible differences between men and women, and we found that men had significantly lower SAV/VAV ratios than women independent of age (1.270.5 vs 2.270.9 for men vs women, respectively (Po0.001)).
Discussion
This study demonstrates the excellent intra-and interobserver reproducibility of MDCT-based volumetric quantification of subcutaneous and visceral abdominal adipose tissue. We also demonstrate significant differences of the relative amounts of visceral and subcutaneous abdominal tissue between volumetric and planimetric measurements. Volumetric-based adipose tissue compartment ratios depicted expected age-and sex-related differences in abdominal adipose tissue distribution. In addition, our data suggest that anthropometric measures of abdominal obesity such as BMI, SD and WC are well correlated to the absolute amount of abdominal adipose tissue but unrelated to the relative distribution of VAT and SAT. Assessment of abdominal adipose tissue volumes with computed tomography P Maurovich-Horvat et al
Our data demonstrate that both planimetric and volumetric methods for quantification of abdominal adipose tissue have excellent intra-and inter-observer reproducibility. Interestingly, more complex volumetric measurements had similar reproducibility than the much simpler planimetric measurements, indicating that a method employing semiautomatic segmentation to identify the VAT and SAT compartments was very accurate and effective. Volumetric measurements also proved to be very rapid with a total processing time of 5 min for all measurements. In addition, the quantification of anthropometric measurements such as SD and WC also appears to be highly reliable using CT, and comparison of CT measures with measurements obtained in the office setting is warranted.
One methodological subtlety is the allocation of intermuscular adipose tissue (IMAT) to either VAT or SAT. Whereas some studies included IMAT in the SAT compartment, drawing the boundary between these two adipose tissue compartments along the internal abdominal wall, 9,27,28 we traced the boundary close to the outer surface of the abdominal muscle wall, allocating IMAT within the VAT compartment similar to previous studies. [29] [30] [31] [32] Our decision was based on previous observations that the characteristics of IMAT are closer to VAT then to SAT. 33, 34 However, it is important to note that the amount of IMAT is very small compared to both SAT and VAT. The comparison of absolute amounts of abdominal and VAT between planimetric area-based and volumetric methods in this study is limited to correlations as absolute volumetric measures from obtained over an axial length of 150 mm are naturally much larger than from a single 5 mm slice. In order to assess possible differences between these two methods for the distribution of SAT and VAT, we therefore used the relative distribution of SAT and VAT expressed as a ratio between the two compartments. We found that volumetric measurements render significantly different adipose tissue compartment ratios than planimetric measurements (mean SAA/VAA ratio: 2.071.2 vs mean SAV/VAV ratio: 1.770.9; Po0.001), although the planimetric and volumetric methods showed a reasonable ICC (ICC ¼ 0.84). This difference was more evident in subjects with a high SAA/VAA ratio (X2.5), where the SAV/VAV ratio was about 50% lower. In addition, the mean SAV/VAV ratio was significantly lower in older subjects, reflecting a redistribution of adipose tissue toward the visceral compartment with age. Above the age of 60 years, body weight on average tends to decrease, and this is mainly due to the loss of muscle mass with age. 35 Furthermore, the body adipose tissue tends to be redistributed with advancing age toward more abdominal, particularly VAT. 35, 36 In our sample, men had significantly lower SAV/VAV ratios than women, reflecting the fact that men have higher relative amounts of VAT than women. Thus, volumetric measurements also appear to be useful to depict age-and genderspecific abdominal adipose tissue distribution. We hypothesize that these differences between the planimetric and volumetric method are a result of the inhomogeneous distribution of VAT and SAT throughout the axial length of the abdomen. 37, 38 However, it remains to be determined whether the quantification of VAT or the relative amount of VAT compared to SAT as possible through a volumetric measurement will improve obesity-related risk stratification. Although currently little is known about their relation to clinical parameters it would be interesting to test the hypothesis that sex-related differences in adipose tissue distribution may explain some of the observed differences in subclinical and clinically apparent cardiovascular risk and metabolic disease between men and women. 39 If this research would render similar results for planimetric and volumetric methods of adipose tissue quantification, radiation exposure could be significantly decreased from 2.7 mSv to approximately 0.5 mSv. Magnetic resonance imaging (MRI) also permits the quantification of VAT and SAT with most accurate results derived from whole-body analysis using contiguous slices. 40, 41 Whereas both CT and MRI report good intra-and inter-reader reproducibility of volumetric abdominal adipose tissue quantification, 30, [40] [41] [42] [43] [44] MRI overestimated SAT and VAT compartments when compared to findings with CT. 45, 46 Superior accuracy of CT can be attributed to: (1) in contrast to CT, where absolute HU values of pixels corresponding directly to the tissue property, in MRI there is no direct association between tissue property and pixel value; (2) MRIbased signal intensities may be inhomogeneous in particular at a larger field of view (FoV) and (3) better spatial resolution of CT. In addition, feasibility of MRI is limited due to long acquisition time and high expenses and thus MRI studies are usually performed on relatively small number of patients. An interesting observation is that although both absolute SAV and VAV measurements were well correlated to SD, WC and BMI the SAV/VAV ratios were only weakly associated with SD, and not associated with WC or BMI measurements. However, it remains to be determined whether such measures will provide information above and beyond more traditional measures of adiposity.
Limitations
In this study, we only report on the reproducibility of measurements of abdominal obesity. We did not verify our measurements against a gold standard such as histopathology. However, previous studies have demonstrated the excellent accuracy of these methods. Our study sample is comprised of Caucasian participants only, and it is uncertain if such findings would be generalizable in other ethnic groups.
Conclusion
This study demonstrates the excellent intra-and interobserver reproducibility of MDCT-based volumetric quantification of subcutaneous and visceral abdominal adipose Assessment of abdominal adipose tissue volumes with computed tomography P Maurovich-Horvat et al
tissue. We also demonstrate significant differences of the relative amounts of visceral and subcutaneous abdominal tissue between volumetric and planimetric measurements. It remains to be determined whether volumetric measures of visceral and subcutaneous abdominal adipose tissue will provide information above and beyond more traditional measures of adiposity by providing new insights into the role of VAT for the development of obesity-related disease conditions.
